Introduction {#Sec1}
============

Glucose-6-phosphate dehydrogenase (G6PD) deficiency is one of the most common monogenic diseases in human, involving about 400 million people worldwide^[@CR1],[@CR2]^. G6PD deficiency is also known as favism (after intake of fava bean) because certain incentives such as beans or drugs can induce its occurrence. This disease, generally asymptomatic, is often manifested as acute hemolytic anemia and the resulting hyperbilirubinemia. Severe cases in neonatal period can develop into cerebral jaundice and thus lead to cerebral palsy with mental retardation^[@CR3]--[@CR5]^.

G6PD deficiency belongs to an X-linked recessive inborn error of metabolism that largely affects males (hemizygosity), whereas heterozygous females can be of normal, intermediate or deficient G6PD activity due to random chromosome X inactivation^[@CR1],[@CR6],[@CR7]^. Routine newborn screening of G6PD deficiency applies one cut-off value (ranging from 2.10--2.60 U/gHb^[@CR8]^) that could only discriminate between normal or G6PD enzymatic deficient subjects. A considerable proportion of heterozygous females with probable partial G6PD deficiency could be missed in clinical practice. Thus the cut-off values for neonatal screening of G6PD deficiency needs to be further differentiated and optimized between gender. In recent years, several groups have tried to set cut-off values of G6PD activity to discriminate among normal, heterozygous, and deficient individuals respectively^[@CR9],[@CR10]^. However, the reported cut-off value varied in each study, probably due to the remarkable difference of study population and screening methods. Under such circumstances, a laboratory-specfic cut-off value needs to be established.

The *G6PD* gene, located in the long arm of chromosome X (Xq28), consists of 13 exons and 12 introns encoding 515 amino acids. Over 200 *G6PD* mutations have been reported worldwide, and the distribution of mutations is of racial and regional heterogeneity^[@CR11],[@CR12]^. Up to now, the epidemiological data of neonatal G6PD deficiency in China remains elusive^[@CR13],[@CR14]^. The relationship between different *G6PD* mutations and their phenotypes have not yet been fully established.

In this study, the results of G6PD screening and confirmative diagnosis in a total of 130,635 neonates, encountered at the Maternal and Child Health Hospital of Guangxi Zhuang Autonomous Region from January 2013 to March 2017, were retrospectively analyzed. The incidence of G6PD deficiency, mutation spectrum, genotype--phenotype correlation, and cut-off value settings for male and female neonatal screening in this region were explored.

Results {#Sec2}
=======

Analysis of G6PD activities {#Sec3}
---------------------------

Among the 130,635 newborns (71511 males and 59124 females) screened for G6PD enzyme activity using fluorescent spot-test (FST), a total of 9583 cases (7832 males and 1751 females) were suspected as G6PD deficiency. The positive rate of initial screening was 7.34% (9583/130,635), 10.95% (7832/71511) and 2.96% (1751/59124) for the entire, male and female groups. And the G6PD enzyme activities (mean ± standard deviation) were 4.837 ± 1.603 U/g Hb, 4.742 ± 1.758 U/g Hb, and 4.952 ± 1.385 U/g Hb for the entire, male and female groups. Interestingly, the positive rate of G6PD deficiency presented with a decreased tendency, ranging from 7.55% (Year 2013), 7.50% (Year 2014), 7.37% (Year 2015), 6.91% (Year 2016), to 6.81% (Year 2017).

Our study cohort comprised of at least 29 ethnicities, including Zhuang, Han, Yao, Miao, Mulao, Tong, Man, Maonan, Tujia, Hui, Buyi, Yuenan, Jing and 16 other minorities. Among these 9583 neonates initially screened as G6PD deficiency, there were 5762 cases with information of ethnicity, including 3196 cases (55.47%) of Zhuang, 2316 cases (40.19%) of Han, 206 cases (3.58%) of Yao, 11 cases (0.19%) of Mulao, 10 cases (0.17%) of Miao and 9 cases (0.16%) of Tong ethnicity. The proportion of each other ethnicity accounts for less than 0.1%.

Determination of *G6PD* mutations and G6PD/6PGD ratio {#Sec4}
-----------------------------------------------------

1566 (1229 males and 337 females) of 9583 neonates suspected with G6PD deficiency were further tested by both *G6PD* mutations analysis and quantitative G6PD enzymatic assay. It was found that 1553 cases (1221 males and 332 females) had either hemizygous, heterozygous, homozygous or compound heterozygous *G6PD* mutations (Table [1](#Tab1){ref-type="table"} and Supplementary Table [1](#MOESM1){ref-type="media"}), with a diagnosis rate of 99.17%. Based on that, the prevalence of G6PD deficiency in this population was estimated to be 7.28% (approximately equals to 7.34%\* 99.17%).Table 1Allele frequency of different *G6PD* mutations in 1553 neonates.Allelers_ID or HGMD_IDMale hemizygotesFemaleSum of allelesPercentage (%)homozygotesheterozygotesCompound heterozygotes**c.1388 G** \> **A (p.R463H)rs7255466444513666259935.4c.1376 G** \> **T (p.R459L)rs7255466532818524946527.5c.95 A** \> **G (p.H32R)rs1378523402585424935921.2c.871 G** \> **A (p.V291M)rs13785232778013131046.1c.1024 C** \> **T (p.L342F)rs1378523426421017955.6c.392 G** \> **T (p.G131V)rs13785234127094402.4c.1004 C** \> **A (p.A335D)CM9505067016140.8c.196 T** \> **A (p.F66I)CM052878410060.4c.1360 C** \> **T (p.R454C)rs398123546300030.2c.835 A** \> **T (p.T279S)CM014189200020.1C.592 C** \> **T (p.R198C)rs137852330200020.1c.99 A** \> **G (p.I33M)CM950495100010.1c.178 C** \> **G (p.L60V)NA100010.1c.517 T** \> **C (p.F173L)rs137852343100010.1Total1221391932001692100**

A total of 14 *G6PD* mutations have been detected. All 14 mutations have been reported. Table [1](#Tab1){ref-type="table"} lists the frequency of each mutated allele. The allele frequency of c.1388 G \> A (p.R463H) was the highest, accounting for 35.4% of all G6PD deficiency alleles. Follow by that, the alleles of c.1376 G \> T (p.R459L), c.95 A \> G (p.H32R), c.871 G \> A (p.V291M), c.1024 C \> T (p.L342F) and c.392 G \> T (p.G131V) consist of 27.5%, 21.2%, 6.1%, 5.6% and 2.4%, respectively.

Among the 1553 cases carrying *G6PD* mutations, there were 606 cases with ethnicity recorded, including 302 cases of Zhuang (51.49%), 278 cases of Han (45.87%), 9 cases of Yao (1.49%) and 7 cases of other ethnicites (1.15%). We compared the frequency of different G6PD mutated alleles between Zhuang and Han ethnicity, and did not observe any significant variations as shown in Supplementary Table [2](#MOESM1){ref-type="media"}.

Among 332 female neonates, 139 cases carried either homozygous or compound heterozygous mutations, whereas the remaining 193 cases had a heterozygous mutation. The mean value of G6PD/6PGD ratio is 0.866 ± 0.372 in these 193 female carriers, among which 129 cases were confirmed as deficient by quantitative G6PD enzymatic assay (with a mean ratio of 0.693 ± 0.267) and 64 cases as non-deficient with a mean ratio of 1.269 ± 0.258.

Correlation analysis of *G6PD* mutations and G6PD enzymatic activity {#Sec5}
--------------------------------------------------------------------

Six prevalent *G6PD* mutations were selected for correlation analysis with both G6PD activity and G6PD/6PGD ratio. It was found that different gene mutations had various levels of G6PD enzymatic activities (Fig. [1](#Fig1){ref-type="fig"} and Table [2](#Tab2){ref-type="table"}). The second most common allele of c.1376 G \> T (p.R459L) had a largest decrease of enzymatic activity, followed by c.95 A \> G (p.H32R), c.1388 G \> A (p.R463H), c.871 G \> A (p.V291M), c.1024 C \> T (p.L342F) and c.392 G \> T (p.G131V).Figure 1Correlation analysis of *G6PD* mutations and G6PD enzymatic activity. Different *G6PD* mutations had various levels of G6PD enzymatic activities, including (**A**) G6PD activity and (**B**) G6PD/6PGD ratio.Table 2Comparison of G6PD activity and G6PD/6PGD ratio among six prevalent gene mutations.GenotypeClassificationG6PD activity*P* value^\*^G6PD/6PGD ratio*P* valuec.1376 G \> TII0.563 ± 0.265\<0.00010.197 ± 0.083\<0.0001c.95 A \> GII0.832 ± 0.312\<0.00010.220 ± 0.084\<0.0001c.1388 G \> AII0.969 ± 0.3400.00200.259 ± 0.0980.2140c.871 G \> AII1.089 ± 0.402\<0.00010.259 ± 0.091\<0.0001c.1024 C \> TIII1.465 ± 0.3340.35830.454 ± 0.1080.1800c.392 G \> TIII1.526 ± 0.2960.517 ± 0.136^\*^The value in each box represents the significance of difference between the two neighbouring *G6PD* mutations. P value less than 0.0001 indicates that there is significant difference of enzyme activity or G6PD/6PGD ratio among these six *G6PD* mutations.

Cutoff value determination of G6PD activity {#Sec6}
-------------------------------------------

A total of 2789 neonates (1971 males and 818 females) were analyzed, including 2088 cases with *G6PD* mutations (1633 male hemizygotes, 135 female homozygotes or compound heterozygotes, 320 female heterozygotes) and 701 cases with no known *G6PD* mutations (338 males and 363 females). Among these neonates, 1932 cases were defined as suspected G6PD deficiency with decreased G6PD value (less than 2.20 UL/g Hb) at initial screening and 857 cases were defined as normal.

Receiver operating characteristics (ROC) curve analysis was performed to determine the cut-off values for male and female population in separate (Fig. [2](#Fig2){ref-type="fig"}). For male neonates, the cut-off value of G6PD activity between normal and G6PD deficient hemizygotes was 2.2 U/g Hb, which yielded a sensitivity of 98.3% and a specificity of 95.6% with the area under curve (AUC) at 0.988. For female neonates, the cut-off value between normal and female heterozygotes was 2.8 U/g Hb, which yielded a sensitivity of 97.5% and a specificity of 87.7% with AUC at 0.964. Meanwhile, the cut-off value between female heterozygotes and homozygotes/compound heterozygotes was 1.6 U/g Hb, which yielded a sensitivity of 82.2% and a specificity of 85.9% with AUC at 0.871.Figure 2ROC curve analysis and determination of the cutoff value of G6PD activity in male and female groups separately, to discriminate between (**A**) normal vs hemizygous males, (**B**) normal vs heterozygous females, (**C**) heterozygous vs homozygous/compound heterozygous females. The curve is generated by plotting the true positive rate (sensitivity) against the false positive rate (1 − specificity). The accuracy was shown as the area under the ROC curve with 95% confidence interval. The optimal cut-off value was defined as one with the highest Youden's index (=sensitivity + specificity − 1).

Discussion {#Sec7}
==========

G6PD deficiency is a major risk factor for the development of severe hyperbilirubinemia and increases the risk of bilirubin neurotoxicity. The prevalence and mutation spectrum could be various in different countries and different ethnic groups within a country. Guangxi Zhuang Autonomous Region is dominated with Zhuang minority, a distinct ethnic group from Han. In the present study, the frequency of G6PD deficiency among neonates is close to 7.28%. This incidence is higher than that reported in Guizhou (1.94%)^[@CR15]^, Guangzhou (3.7%)^[@CR16]^, Chaozhou (2.68%)^[@CR17]^ and Jiangxi (3.6%)^[@CR18]^ in southern China, whereas similar to that estimated in Greek (7.7%)^[@CR19]^ and Indian (7.8%)^[@CR20]^. This high prevalence could be related to the study objects of different ethnicity and the confirmative diagnosis methods applied. Also, cases having either hemizygous, heterozygous, homozygous or compound heterozygous *G6PD* mutations were defined as G6PD deficient subjects, considering female heterozygotes may also be deficient due to random inactivation of X chromosome.

G6PD deficiency is remarkable for its genetic diversity, different gene mutations cause different levels of enzyme deficiency and disease manifestation^[@CR21]^. The data showed that c.1388 G \> A, c.1376 G \> T and c.95 A \> G were the three most common *G6PD* mutations in this study cohort, accounting for 84% of total disease alleles, similar to other regions in south China^[@CR15],[@CR17],[@CR22]^. All six common mutations found in these study belong to class II or III^[@CR23],[@CR24]^. The enzyme activity of neonates with class II mutations were much lower than those with class III mutations, and even in the same class II, different mutations may cause different degree of enzyme deficiency with statistical significance (Table [2](#Tab2){ref-type="table"}).

The *G6PD* gene is located on the X chromosome, thus in males it occurs only as a normal or deficient hemizygous genotype; but in females who have two copies of the X chromosome, one of which is randomly inactivated early in embryogenesis during the process of lyonization, it occurs to be more complex^[@CR25]^. Homozygous females will be either normal or deficient for G6PD depending on the type of allele they possess. However, heterozygous females will be mosaic and have two erythrocyte populations consisting of normal and deficient cells. The proportions of these two types of red cell populations can be variable giving a diagnostic challenge on female heterozygotes^[@CR26]^. In this study, we found 129 heterozygous females with abnormal Nitroblue tetrazolium (NBT) ratio, and 64 heterozygous females with normal NBT ratio. The rate of deficient to normal is estimated to be 2:1.

Several qualitative methods for G6PD deficiency screening are now available, but it has been shown that these methods have failed to detect partial deficient cases^[@CR27],[@CR28]^. Considering the shortcomings of these screening methods, a few studies have been conducted with the purpose of setting cut-off values of G6PD activity, to discriminate among normal, heterozygous, and deficient individuals. But none of them can distinguish the heterozygous females from either normal or deficient subjects^[@CR9],[@CR10]^. In this study, we focused on establishing cut-off values for G6PD screening based on a large cohort of subjects to increase the sensitivity in detecting female heterozygotes. First, the cut-off value (2.2 U/g Hb) in male subjects is same as conventional cut-off value, which is able to distinguish between normal and deficient subjects. Second, for female population, we first established a reliable cut-off value of G6PD activity to distinguish heterozygous females from either normal (2.8 U/g Hb) or deficient (1.6 U/g Hb) subjects. 43.75% (140 in 320) of heterozygous females with G6PD activities range from 2.2 to 2.8 U/g Hb could be missed if routine cut-off value of 2.2 U/g Hb was applied.

In conclusion, we conducted a comprehensive newborn screening of G6PD deficiency in a large cohort of population from Guangxi Province. The incidence and mutation spectrum of G6PD deficiency were elucidated, which could be useful for genetic counseling and prevention of this disease in Guangxi. Moreover, we first established a reliable cut-off value of G6PD activity to distinguish heterozygous females from either normal or deficient subjects. The cut-offs we have defined present the advantages of faster turnaround time and cost savings without additional genetic analysis.

Methods {#Sec8}
=======

Study design {#Sec9}
------------

A total of 130,635 newborns, encountered at the Newborn Screening Center of Guangxi, the Maternal and Child Health Hospital of Guangxi Zhuang Autonomous Region in China, were screened for G6PD deficiency from January 2013 to March 2017. This Center, as the first and largest newbron screening center in Guangxi, is in charge of the neonatal screening for about half of the total population in this area, and the coverage for newborn screening is 95.2% for this part of the country. The screening follows a standard screening protocol: a heel capillary blood sample was collected from the newborns between the 3rd and 5th day of life, adsorbed on a filter paper (S&S 903) and delivered to our neonatal screening laboratory where the modified fluorescent spot-test (FST) was applied to detect G6PD enzyme activity using the neonatal G6PD Kit (PerkinElmer, Wallac Oy, Turku, Finland). Subjects with decreased G6PD value (less than 2.20 UL/g Hb) were contacted and re-evaluated by quantitative G6PD enzymatic assay and/or *G6PD* mutation analysis.

For the quantitative evaluation of G6PD activity, the improved G6PD Nitroblue tetrazolium (NBT) Quantification Ratio Kit (Micky, Guangzhou, China) was used. Those with G6PD/6PGD ratio of ≤1.0 were considered as G6PD deficient^[@CR14],[@CR15]^. For the detection of *G6PD* mutations, genomic DNA was extracted from the blood samples using TIANamp Blood DNA Kit (TIANGEN, Beijing, China). PCR was performed in a final reaction volume of 20.0 μL containing 2.0 μL of 10x PCR buffer (with 15.0 mM MgCl~2~), 0.5 μL MgCl~2~ (25 mM), 4.0 μL Q-solution (Qiagen), 3.2 μL dNTP mixture (2.5 mM), 0.4 μL forward (10 mM) and 0.4 μL reverse primers (10 mM), 0.2 μL of HotStarTaq DNA polymerase (Qiagen) and 200.0 ng of genomic DNA, total volume was made to 20.0 μL with nuclease-free water. PCR primer sequences were designed referring to the human GenBank, and 10 pairs of primers sequences (as shown in Supplementary Table [2](#MOESM1){ref-type="media"}) were used for amplication and sequencing of G6PD exon 2 to 13. Chromas software was applied for sequence analysis, and NCBI BLAST was used for DNA sequence alignment. This study was approved by the Medical Ethics Committee of Guangxi Maternal and Child Health Hospital. Informed consent was obtained from the parents of the patients. All methods were performed in accordance with the approved guidelines (<http://www.nature.com/srep/policies/index.html#experimental-subjects>).

Statistical Analysis {#Sec10}
--------------------

The data were analyzed using SPSS version 19.0 (SPSS, Chicago, IL). T-test was used to evaluate the mean values of G6PD activity and G6PD/6PGD ratio among different *G6PD* genotypes. For the comparison of multiple means, Kruskal-Wallis test was used. P value less than  0.05 was considered as statistically significant. Receiver operating characteristics (ROC) curve analysis was performed using OriginPro 9.1 software (OriginLab Corp., Northampton, MA, USA), to determine the best cut-off value and to evaluate the performance of diagnosis at different levels of G6PD activity. Youden index (YI) was calculated as (specificity + sensitivity) − 1.
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